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http://dx.doi.org/10.1016/j.jfma.201Background/Purpose: Mechanical loading plays an important role in regulating bone formation
and remodeling. Relevant mechanical stretching can increase the proliferation and differenti-
ation of osteoblastic cells in vitro. However, little is known about the effects of supraphysio-
logical high-level mechanical stretching on the growth and cell cycle progression of
osteoblastic cells.
Methods: Osteoblast-like MG-63 cells were seeded onto flexible-bottomed plates and sub-
jected to cyclic mechanical stretching (15% elongation, 0.5 Hz) for 24 and 48 hours in a Flexer-
cell FX-4000 strain unit. Cellular activities were measured by an assay based on the reduction
of the tetrazolium salt, 3-[4,5-dimethyldiazol-2-yl]-2,5-diphenyl tetra-zolium bromide (MTT).
The number of viable cells was also determined by the trypan blue dye exclusion technique.
Cell cycle progression was checked by flow cytometry. mRNA expressions of apoptosis- and cell
cycle-related genes (Bcl2, Bax, cdc2, cdc25C, and cyclin B1) were analyzed using an RT-PCR
technique.
Results: The number of viable cells significantly decreased in osteoblast-like MG-63 cells sub-
jected to cyclic mechanical stretching for 24 or 48 hours. The MTT activity of stretched cells
did not change at 24 hours, whereas a significant decrease was noted at 48 hours in comparison
to the unstretched controls. The flow cytometry showed that mechanical stretching induced S-
phase cell cycle arrest. Furthermore, exposure to mechanical stretching led to apoptotic cell
death, as shown by the increase in the hypodiploid sub-G0/G1 cell population. Furthermore,
a decreased cdc25C mRNA level was consistently noted in stretched cells. However, the mRNAntistry, National Taiwan University; Dental Department, National Taiwan University Hospital, Taipei,
(J.-H. Jeng).
ight ª 2012, Elsevier Taiwan LLC & Formosan Medical Association. All rights reserved.
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448 Y.-J. Chen et al.expressions of Bcl2, Bax, cdc2, and cyclin B1 genes were not significantly altered compared to
the unstretched control cells.
Conclusion: High-level mechanical stretching induced S-phase cell cycle arrest and apoptotic
cell death in osteoblastic cells. The results suggest that heavy tensional force is a negative
regulator of osteoblastic activities and should, therefore, be minimized if bone formation is
attempted during orthodontic/orthopedic treatment.
Copyright ª 2012, Elsevier Taiwan LLC & Formosan Medical Association. All rights reserved.Introduction
Mechanical forces play important roles in regulating bone
mass and architecture. Relevant mechanical loading is
pivotal to bone formation and remodeling. Similar to
fibroblasts, bone cells can sense mechanical signals from
deformation of the growth substrate, and they respond by
various cellular events. In addition to the magnitude,
parameters of mechanical stretching such as the frequency
and duration determine the effects of mechanical stimu-
lation on cultured bone cells. The mechanical deformation
of bone cells required to induce biochemical intracellular
responses in vitro (1e10%) are larger than the bone tissue
strains in vivo (0.04e0.3%).1 Many studies have reported
increases in proliferation and differentiation of osteoblastic
cells subjected to mechanical stretching.2,3 However, other
studies have reported that mechanical stretching inhibited
the proliferation of osteoblastic cells.4,5
Apoptosis is the process of programmed cell death
contributing to normal tissue development and mainte-
nance. The apoptotic cellular process is triggered by
various physiological death signals and cytotoxic insults.
Cells undergoing apoptosis are characterized by a series of
structural changes: blebbing of plasma membranes,
condensation of cytoplasm and nuclei, and cellular frag-
mentation into apoptotic bodies.6 The fraction of apoptotic
cells has a reduced DNA content due to cleavage and
extraction of DNA. Therefore, the apoptotic cell population
can be represented by the sub-G0 fraction in a flow cyto-
metric analysis.
There are two major execution mechanisms leading to
apoptosis, including the extrinsic or death receptor
pathway and the intrinsic or mitochondrial pathway.7 At the
molecular level, the mitochondrial dysfunction-induced
apoptosis signaling pathway is regulated by Bcl-2 proteins.
Bcl-2 family proteins consist of proapoptotic members,
e.g., Bcl-2-associated X protein (Bax) and Bcl-associated
death promoter (Bad), and antiapoptotic proteins, e.g.,
Bcl-2, and govern the cellular susceptibility to death signals
by altering the permeability of mitochondrial outer
membranes.8 Antiapoptotic members, (e.g., Bcl-2) bind to
the mitochondrial outer membrane and prevent the release
of caspase activators, whereas proapoptotic members
(e.g., Bax) promote increases in membrane permeability
and the release of cytochrome C.9,10 The strong associa-
tions between microdamage, osteocyte apoptosis, and
subsequent bone remodeling has been reported in an study
using an animal model, which revealed apoptosis of oste-
ocyte at sites of bone formation in distraction osteogenesis
and of micro-damage with osteoclast activity.11 However,
little is known about whether the cell cycle is affected andapoptosis is triggered in cultured osteoblastic cells when
they are subjected to excessive mechanical stretching.
The cell cycle is traditionally divided into four phases:
G1, S, G2, and M. Cells in early G1 have the option of
withdrawing from the cell cycle into the quiescent state,
G0. Cdc25 phosphatases are encoded by a multigene
family consisting of cdc25A, cdc25B, and cdc25C, and have
an essential role in cell cycle progression.12 Cdc25C
dephosphorylates and activates the mitotic kinase, cdc2/
cyclinB, which is required to begin mitosis.13 During
a normal cell cycle, the transition from the G2 phase to the
M phase is triggered by activation of the cyclin B1-
dependent cdc2 kinase.14 To study the effect of high-
level mechanical strain in osteoblastic cells, we applied
cyclic mechanical stretching to MG-63 cells and investi-
gated the cell cycle progression. The transcriptional
regulation of cell cycle-related genes and apoptosis-
related genes, including Bcl2, Bax, cdc2, cdc25C, and




(MTT), propidium iodide (PI), and dimethyl sulfoxide
(DMSO) were from Sigma-Aldrich (St. Louis, MO, USA). Flow
cytometric reagents were from Becton Dickinson (World-
wide, San Jose, CA, USA). Trypan blue, fetal bovine serum
(FBS), Dulbecco’s modified Eagle’s medium (DMEM), and
other reagents were from Life Technologies (Gibco, Life
Technologies, Grand Island, NY, USA). Collagen-coated
culture plates were from Flexcell International (Mckee-
sport, PA, USA). Reverse transcription (RT) and polymerase
chain reaction (PCR) primers were obtained from MDBio,
Inc. (Taipei, Taiwan).
Culture of MG-63 cells and application of
cyclic mechanical stretching
Osteoblast-like MG-63 cells were cultured in DMEM with
10% FBS and plated onto six-well flexible-bottomed
plates (coated with type I collagen, BioFlex-I; Flexcell
International) at a density of 4  105 cells/well. After 24
hours, cells were incubated with fresh medium, and
subjected to mechanical stretching (15% elongation,
0.5 Hz) using a computer-based programmable loading
device, Flexercell FX-4000 strain unit (Flexercell Tension
Plus System, Flexcell International). Control cells were
cultured on similar plates and kept in the same incubator
Mechanical stretching on osteoblast-like cells 449without mechanical stretching. After the experimental
periods of 24 and 48 hours, the culture medium and cell
layer were collected for further analysis as described
below.
Assays for cell proliferation
Cells with functional mitochondria reduce the tetrazolium
salt, MTT, to the insoluble purple formazan. After an
appropriate period of mechanical stretching application,
cells were incubated with fresh medium containing 0.5 mg/
mL of MTT for 2 hours. The insoluble formazan generated
by viable cells was finally dissolved in 0.5 mL DMSO, and the
optical density (OD) was determined against a reagent
blank (DMSO) with a Dynatech microplate Reader (Dynatech
Medical Products, Billingshurst, West Sussex, UK) at
a wavelength of 540 nm. The absorbance was taken as
proportional to the number of cells present and was
expressed as a percentage of the respective controls
(100%).
In addition to the MTT assay, the growth of MG-63 cells
was also evaluated by directly measuring the number of
viable cells. At the end of an appropriate experimental
period, floating cells were collected from the culture
medium by centrifugation. Attached cells were detached
from culture plates by treatment with trypsin/ethyl-
enediaminetetraacetic acid (EDTA). Both floating and
attached cells were re-suspended in culture medium and
merged together. A 10:1 cell suspension was mixed with an
equal volume of trypan blue and observed under a micro-
scope. Numbers of viable cells that excluded trypan blue
were counted as described previously.15
Flow cytometry
The cellular DNA content was analyzed using flow cytom-
etry. Briefly, after exposure to mechanical stretching, both
floating and attached cells were collected, centrifuged, re-
suspended, and fixed in 70% ice-cold ethanol containing
RNase (2 mg/ml) for 30 minutes. Cells without exposure to
stretching were also collected as controls. Cells were then
washed with phosphate-buffered saline (PBS) and stained
with PI (40 mg/mL) for 10 minutes. The fluorescence of PI-
labeled cells was measured by a flow cytometric analysis
(FACSCalibur Flow Cytometer, Becton Dickinson, World-
wide) with laser excitation at 488 nm and an emission
wavelength of >590 nm. The FL2 fluorescence was
collected in a linear/log scale manner. In total, 10,000
events (cells) were counted for each sample. Percentages
of cells residing in the G0/G1, S, G2/M, and sub-G0/G1
phases were measured using standard ModiFit software and
CELL QUEST programs.
RT-polymerase chain reaction (PCR) analysis
The messenger (m)RNA expressions of cell cycle-related
genes and apoptosis-related genes were analyzed by an RT-
PCR as described previously.16 In short, total RNA was iso-
lated from unstretched cells or cells subjected to
mechanical stretching for 24 hours with RNA isolation kits
from Qiagen GmbH (Hilden, Germany). Then 3 mg ofdenatured total RNA was reverse-transcribed in a 44.5 mL
reaction mixture comprising 4 mL of a random primer
(500 mg/mL), 8 mL of dNTP (2.5 mM), 4.5 mL of 10 RT
buffer, 1 mL of an RNase inhibitor (40 U/mL), and 0.5 mL of
RT (21 U/mL) at 42C for 90 minutes to generate comple-
mentary (c)DNA.
Then, 5 mL of cDNA was used for the PCR amplification in
a 50-mL reaction mixture containing 5 mL of 10 Super TAQ
buffer, 4 mL of dNTP (2.5 mM), 1 mL of each specific primer,
and 0.2 mL of Super TAQ enzyme (2 U/mL). The PCR was
performed at 94C for 5 minutes for denaturing in the first
cycle, and then repeated thermal cycling for 15e30 cycles
at 94C for 1 minute, 55C for 1 minute, and 72C for 2
minutes with a thermal cycler (Perkin Elmer 4800, PE
Applied Biosystems, Foster City, CA, USA). Finally, the PCR
was terminated at 72C for a further 10 minutes. The
specific primer pairs for this study were: cdc2, GGGGATT-
CAGAAATTGATCA and TGTCAGAAAGCTACATCTTC (288 bp);
cyclin B1, AAGAGCTTTAAACTTTGGTCTGGG and CTTTG
TAAGTCCTTGATTTACCATG (317 bp); cdc25C, CCTGGTG
AGAATTCGAAGACC and GCAGATGAAGTACACATTGCATC
(456 bp); b-actin (BAC, 218 bp)16; Bcl-2, ATTGGGAAGTTTC
AAATCAGC and TGCATTCTTGGACGAGGG (301 bp); and Bax,
TTTTGCTTCAGGGTTTCATC and GACACTCGCTCAGCTTCTTG
(104 bp).17 The PCR-amplified products were subjected to
1.8% agarose gel electrophoresis, and the DNA bands were
stained with ethidium bromide and photographed. The
PCR-amplified DNA products that were linear in relation to
the input RNA were used for the picture and data presen-
tation. Amplification of the BAC gene was used as a control.
Statistical analysis
Four or more separate experiments were conducted.
Results are expressed as the mean  standard error (SE)
and analyzed by Student’s t-test. A p value of <0.05 was
considered to be a statistically significant difference
between control and experimental groups.
Results
Cell morphology
MG-63cellsweregenerally spindle- to triangular-shapedafter
48 hours in culture (Fig. 1A). No obvious difference in the cell
morphology or gross cell density was noted in stretched cells
when compared to theunstretched controls at 24 hours. After
being subjected to mechanical stretching for 48 hours, cells
became slightly retracted with elongated cellular processes,
and thus the intercellular space increased. More rounded and
even floating cells were noted (Fig. 1B).
Cell proliferation
Results of the trypan blue exclusion test revealed that
mechanical stretching inhibited the viability of MG-63 cells.
Exposure to mechanical stretching for 24 hours slightly but
significantly decreased numbers of viable cells from
7.26  105 (control) to 6.29  105 cells (n Z 18) (Fig. 2A).
After being subjected to mechanical stretching for 48
Figure 1 Morphology of MG-63 cells with and without mechanical stretching for 48 hours. MG-63 cells were cultured on flexible
substrates coated with collagen type I. After being subjected to mechanical stretching, cells became slightly retracted with
elongated cellular processes. (A) Control, without force, (B) 15% stretching at 0.5 Hz (100 magnification).
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numbers of viable cells from 6.52  105 (control) to
3.73  105 cells (nZ 6) (Fig. 2B). The effect of mechanical
stretching on MTT activity is shown in Fig. 3. The applica-
tion of mechanical stretching for 24 hours induced no
significant change in MTT activity (n Z 19) (Fig. 3A). After
being subjected to mechanical stretching for 48 hours, the
MTT activity declined to 46% of that in the unstretched
control, indicating an effect of cytotoxicity (n Z 9)
(Fig. 3B).
Cell cycle distribution
The flow cytometric analysis showed that the application of
mechanical stretching for 24 hours obviously elevated the
population (%) of cells residing in the S-phase, indicating S-
phase cell cycle arrest (Fig. 4A). Furthermore, exposure to
mechanical stretching also led to cell death via apoptosis,
as indicated by an increase in the hypodiploid sub-G0/G1
population (Fig. 4B).
mRNA expressions of cell cycle-related and
apoptosis-related genes
Transcriptional regulation of mechanical stretching on cell
cycle-related and apoptosis-related genes, including Bcl2,Figure 2 Exposure to mechanical stretching for 24 hours significa
more obvious at 48 hours. Cell viability was analyzed after cells wer
the number of viable cells that excluded trypan blue. Results are e
and 8 for B). *Denotes a statistically significant difference betweeBax, cdc2, cdc25C, and cyclin B1, was analyzed by an RT-
PCR. Fig. 5 shows an obvious and consistent decrease in the
cdc25C mRNA level in MG-63 cells subjected to mechanical
stretching for 24 hours. However, no significant change was
observed in the mRNA expressions of Bcl2, Bax, cdc2, or
cyclin B1.Discussion
In this study, MG-63 cells were cultured in flexible-
bottomed culture plates coated with collagen I to ensure
proper adherence of cells. Therefore, differences in
cellular responses between stretched and unstretched
control cells could be attributed to mechanical stretching
because unstretched cells were also cultured on BioFlex-I
culture plates.
Our results verify the mechanoregulation of proliferation
and cell cycle progression in osteoblast-like cells by cyclic
stretching. After 24 hours of mechanical stretching (15%
elongation, 0.5 Hz), the number of viable cells had obvi-
ously decreased in stretched groups compared to
unstretched controls, whereas the MTT activity of stretched
cells had not significantly changed. After mechanical
stretching was applied for 48 hours, both the number of
viable cells and MTT activity had significantly decreased.
Moreover, exposure to mechanical stretching markedlyntly decreased numbers of viable cells, and the effect became
e subjected to stretching for 24 (A) and 48 hours (B) by counting
xpressed as the viable cell number (mean  SE) (nZ 18 for A,
n the control and stretched groups.
Figure 3 Mechanical stretching significantly reduced the MTT activity of MG-63 cells at 48 hours, but not at 24 hours. After being
subjected to stretching for 24 (A) and 48 hours (B), MG-63 cells were analyzed using an MTT assay based on the ability of functional
mitochondria to reduce the tetrazolium salt, MTT. Results are expressed as a percentage of the control (as 100%) (mean  SE)
(n Z 19 for A, and 9 for B). *Denotes a statistically significant difference between the control and stretched groups.
Mechanical stretching on osteoblast-like cells 451induced cell cycle S-phase arrest as revealed by a flow
cytometric analysis. The increased percentage of the sub-
G0/G1 population further implied that the cell injury
imposed by high-level mechanical stretching might lead to
apoptosis, which requires further investigation. As to the
expressions of apoptotic- and cell cycle-related genes,
although no significant alterations were noted in the tran-
scription of Bcl2, Bax, cdc2, or cyclin B1, the mRNA level of
the cdc25C gene was downregulated. These results
substantiated the notion that delivering 15% cyclic
stretching to osteoblastic cells may obscure physiologically
relevant responses and induce irreversible cellular damage,
at least partially, via apoptotic cell death and cell cycle
arrest.
It is generally accepted that the magnitude of mechan-
ical strain can significantly influence the cellular response
at the tissue level. Physiological mechanical strain recor-
ded in human long bones during vigorous activity is of the
order of 2000e4000 mstrain (0.2e0.4%).18 In an ulna-loading
study on rats, osteocyte apoptosis and the surface of bone
resorption were both reduced by mechanical loading that
produced 4000 mstrain. In contrast, 8000 mstrain induced
micro-damage and remodeling of bone tissues, and this
event was associated with an increase in osteocyte
apoptosis.19 Thus, mechanically induced apoptotic cellularFigure 4 Mechanical stretching induced S-phase cell cycle arres
hypodiploid sub-G0/G1 population. After being subjected to stretch
delineate the cell cycle distribution (G0/G1, G2/M, and S-phase pop
expressedasapercentage (mean SE) (nZ8). *Denotesa statisticallyresponses may be bi-phasic and also of significance in bone
remodeling, including physiological bone turnover, repair,
and regeneration. However, it is not easy to directly
compare the strain magnitudes in vitro and those in vivo
because of differences in the characteristics of the applied
strains. A previous study reported that the minimum
mechanical strain required to induce a cellular response
in vitro is of the order of 10,000e30,000 mstrain (1e3%
elongation).20 Using a Flexcell strain unit, Weyts et al. re-
ported that levels of mechanical stretching of 0.4e2.5%
induced apoptosis in differentiating osteoblasts.21 In the
present study, high-level mechanical stretching (15% elon-
gation) was applied to osteoblast-like MG-63 cells, and the
results revealed inhibition of cellular proliferation, induc-
tion of apoptosis, and cell cycle arrest.
The MTT assay is based on the reducing activity of
functional mitochondria and is often used to estimate the
number of living cells. In the present study, the MTT activity
in stretched cells did not change at 24 hours, but had
significantly decreased by 48 hours. Contrary to the MTT
assay of living cells, the trypan blue dye exclusion test was
used to count viable cells, including the detached, floating,
and dying cells. To our surprise, a reduction in the viable
cell number was noted in stretched cells at 24 and 48 hours.
In other words, the reduction in viable cells correspondedt and apoptotic cell death, as indicated by an increase in the
ing for 24 hours, cells were analyzed by PI flow cytometry to
ulation) (A) and apoptotic sub-G0/G1 population (B). Results are
significantdifferencebetweenthecontrol and stretchedgroups.
Figure 5 Effects of mechanical stretching on the mRNA
expressions of apoptosis- and cell cycle-related genes in MG-63
cells. Downregulation of cdc25C gene was consistently noted in
stretched cells. The mRNA levels of Bcl2, Bax, cdc2, and cyclin
B1 genes were not significantly altered. After cells were sub-
jected to mechanical stretching for 24 hours, total RNA was
isolated and used for RT-PCR amplification of BCl2, Bax2, cdc2,
cdc25C, cyclinB1, and b-actin (BAC, as the control) genes. Two
representative sets of RNA isolated from two separate exper-
iments showed consistent results.
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hours. The discrepancy between these two measurements
at 24 hours, MTT activity and viable cell numbers, may be
partially explained by differences between the two
measurement methods. Actually, only attached cells were
evaluated in the MTT assay, whereas both attached and
floating cells were included in the trypan blue exclusion
test. Another possibility is that the measurement of the
MTT assay reflects cellular metabolic activity rather than
only the cell number. Therefore, the MTT activity of
stretched MG-63 cells at 24 hours might indicate mixed
effects of the inhibition of proliferation and increased
metabolic activity.
Relevant physiological loading modes and magnitudes
contribute to cell proliferation and differentiation.22,23
However, the apoptotic cellular responses induced by
abnormal forces may be associated with tissue injury and
the development of pathological conditions in vivo.24
Mechanical stretching can induce apoptotic cell death in
osteoblasts,22 lung fibroblasts,25 and vascular smooth
muscle cells.26 It was reported that physiological-level
mechanical strain decreased cell numbers in the early
differentiation stage of osteoblast cultures via triggering
cellular apoptosis. In more mature differentiating osteo-
blast cultures, mechanical stretching increased cellular
proliferation without a significant influence on apoptosis.22
In this study, osteoblast-like MG-63 cells should have been
in the early differentiation stage because they were
cultured in the absence of osteogenic supplements such as
ascorbic acid, dexamethasone, and beta-glycerophosphate.
In the present study, we showed that high-level
mechanical stretching induced S-phase cell cycle arrestand apoptotic cellular death in MG-63 cells. Thus, we
further investigated the mRNA expressions of cdc2, cdc25C,
and cyclinB1 genes responsible for cell cycle progression.
The results revealed that cdc25C transcription was signifi-
cantly downregulated, whereas the mRNA expressions of
cdc2 and cyclinB1 genes were not obviously altered. The
cdc25C gene encodes the M-phase inducer, phosphatase 3,
which directly dephosphorylates CDK1 to trigger cell
mitosis.27 Our results showed that cdc25C is a mechanical
stretching-responsive gene. Furthermore, the mechanically
induced sub-G0 fraction of the cell cycle distribution
implies the presence of apoptotic cell death. However, no
significant change was noted in the mRNA expressions of
Bax and Bcl-2 genes in MG-63 cells subjected to high-level
mechanical stretching.
Bone adapts to mechanical loading in vivo. Mechanically
induced bone remodeling is the crucial process evoked in
many clinical procedures, such as orthodontic tooth
movement, suture expansion, and distraction osteogenesis.
Understanding the biological behaviors of osteoblastic cells
subjected to mechanical forces provides a scientific basis
for clinical orthodontic/orthopedic treatment modalities.
The present study demonstrated that high-level mechanical
tensional force negatively affected the cell cycle progres-
sion of osteoblastic cells. In addition to cell cycle arrest,
mechanically induced responses included apoptotic cell
death, which may play an important role in bone remod-
eling. The results suggest that heavy tensional force is
a negative regulator of osteoblastic activities. Thus, the
application of heavy tensional force should be minimized if
new bone formation is attempted during orthodontic/
orthopedic treatment.Acknowledgments
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